In the electrochemical surface science during the past 20 years, in-situ electrochemical scanning tunneling microscopy (EC-STM) and atomic force microscopy (AFM) have made significant contribution to understand various electrochemical processes with atomic scale. For examples, the underpotential deposition of copper, silver, and other metal ions; the specific adsorption of anions such as iodine and sulfate/bisulfate ions; electrochemical etching processes of metals and semiconductors and the molecular assembly of many organic molecules, such as metalloporphyrins, and metallophthalocyanines. Furthermore, we have recently developed a high resolution laser confocal microscope, combined with a differential interference contrast microscope, which enables to follows fast dynamic electrochemical processes at atomic height resolution in relatively large areas. It has been shown for the first time that single atomic steps of metals can be successfully seen by the newly developed optical microscope. Surface imaging techniques provide local pictures of electrode processes on the atomic scale, not averaged information in large areas.
Introduction
Electrochemistry is an important field for industries concerned with products and processes such as batteries, fuel cells, solar cells, electroplating, corrosion prevention, electro-organic synthesis, and sensors. Because electrode reactions take place at the solid-liquid interface, where the electrode is in contact with an electrolyte solution, the electrochemical method can control the electrontransfer reaction by the applied potential. [1] [2] [3] [4] [5] In 1980, researchers in the field of electrochemical surface science first realized that the adsorption-desorption reaction between hydrogen and platinum single-crystal electrodes strongly depends on crystallographic orientation. This observation demonstrated the importance of the nature of a metal surface at the atomic level. 6 Until the early 1970s, various techniques such as Auger electron spectroscopy, X-ray photoelectron spectroscopy, surface X-ray scattering, and low-energy electron diffraction (LEED) were established for surface-characterization tools. These methods can analyze elements and adlattices of thin layers on substrates; therefore, they were widely recognized as general analytical methods. However, these techniques are not in-situ but rather exsitu methods because the sample is usually transferred into an ultrahigh vacuum environment (UHV). However, Binnig et al. 7 invented the technique of scanning tunneling microscopy (STM), operated in ultrahigh vacuum (UHV), in 1981, 8 and after Sonnenfeld and Hansma demonstrated that STM can be used in solutions in 1986, several research groups including ours realized the importance of STM in the study of electrode-electrolyte interfaces. We have constructed the so-called electrochemical STM (EC-STM) with the four-electrode configuration in 1988, 8 in which the electrochemical potentials of the working and the tip electrodes can be simultaneously controlled with respect to a reference electrode. This EC-STM led to its valuation as arguably the premier technique for atomic level investigations of electrochemical reactions. STM has been widely adopted as a powerful tool for exploring the structure of adsorbed layers of molecules on metal surfaces at the atomic scale in various environments ranging from UHV 9,10 to solution. [11] [12] [13] [14] [15] High-resolution STM allows one to directly determine packing arrangements and even the structures of organic molecules adsorbed at electrode-electrolyte interfaces. In-situ STM also allows one to monitor various electrode processes, such as the adsorption of inorganic and organic species and underpotential deposition (UPD) at atomic resolution. [11] [12] [13] [14] [15] However, there are several limitations in these scanning probe techniques. For example, probes such as the tunneling tip in STM and the cantilever in AFM measurements may interfere with electrochemical processes. Several papers pointed out that the scanning movement of the tip in STM might disturb the concentration distribution of the solute in the vicinity of the electrode surface affecting the crystal growth kinetics. 16, 17 Similar unfavorable effects have been also found in the evaluation of crystal growth of organic materials in solution. 18 The other limitation in STM and AFM is relatively small observable scan areas, typically only a few tenth of micrometer square. This limitation makes it difficult to understand the overall aspect of electrochemical reactions taking place in the entire area of a real electrode surface. Furthermore, typical long acquisition times more than several minutes make it also difficult to follow relatively fast reactions taking place on electrode surfaces, although a video-rate in situ STM has been recently developed by Magnussen's group. 19, 20 It has long been desired to develop an optical microscopic technique which has an atomic scale information for the evaluation of electrochemical reactions in order to overcome these problems. Among several new types of optical microscopes employed to observe elemental steps on solid surfaces and the sub-surface structure of living cells, [21] [22] [23] [24] [25] 18,26,27 Although Sazaki's group reported for the first time that the elementary growth steps (5.6 nm in height) on the {110} surfaces of a tetragonal lysozyme crystal in aqueous solutions can be relatively easily seen by LCM-DIM, 26 the resolution in the zdirection must be increased by an order of magnitude for the purpose of observing monatomic steps on Au(111) surfaces, because the height of monatomic steps of commonly interested metals is usually less than 0.3 nm. In our recent papers, it has been demonstrated for the first time that the monatomic steps on metals and semiconductors such as Au, Pd, Pt and Si(100) can be clearly seen by our LCM-DIM in air and even in electrolyte solutions. [28] [29] [30] [31] [32] In this review, we show several examples of in-situ STM on the specific adsorption of anions and molecular assemblies. Because many other review articles on STM investigations exist, [10] [11] [12] [13] [14] [15] we describe primarily our own experimental results from studies of metal single-crystal electrodes in aqueous electrolyte solutions under electrochemical conditions.
It is also discussed several results obtained by LCM-DIM, demonstrating that this new high-resolution optical microscope is also very important to understand many electrochemical reactions in a real time. We believe that it can be applied for industrial processes. The complementary use of both techniques led us complete understanding many electrochemical reaction from nanometer scales (³nm) to micro-scale (³mm) scales.
Experimental Aspect
2.1 Principle of electrochemical scanning tunneling microscopy In conventional STM operated in vacuum or air, voltage (V) is applied between the substrate and tip electrodes [ Fig. 1(a) ]. The tunneling current density (i T ) can be expressed by Eq. 1 when a lowbias voltage is applied:
1=2 =ÁsV expðÀA¤ 1=2 ÁsÞ ð 1Þ
where e and h are the charge of the electron and the Planck constant, respectively; ¤ is the mean barrier height; and ¦s is the distance between the two electrodes. A is defined by Eq. 2:
where m is the mass of the electron. Per Eq. 1, the tunneling current depends exponentially on the width of ¦s and the square root of the mean barrier height. This characteristic exponential dependence allows STM imaging to achieve high resolution in the z direction. For typical metals (to 5 eV), the predicted change in i T for a change of ¦s = 0.1 nm is one order of magnitude. If i T is kept constant to within 2%, then ¦s remains constant to within 0.001 nm.
Siegenthaler compares various types of electrical circuits that independently control the electrode potentials of the tunneling tip and the substrate with a so-called bipotentiostat. 34 In 1988, we proposed a new concept for in situ electrochemical STM (EC-STM) with a four-electrode configuration, wherein the electrochemical potentials of the tunneling tip and the substrate could be independently controlled with respect to a common reference electrode. 35 Figure 1 (b) illustrates an apparatus for in-situ STM with a four-electrode configuration. Other research groups independently developed similar potentiostatic STM apparatuses during the same year. The sides of the tip must be isolated to reduce the electrochemical background current (faradaic current) flowing through the tip. Soft glass, organic polymers, and Apiezon μ wax are used for this purpose. For details of the coating methods, see the review by Siegenthaler. 34 For experiments in contamination free solutions, we used soft glass coated tip and cleaned by concentrated H 2 SO 4 . 12 
Preparation of well-defined electrode surfaces
In all STM studies, electrode-electrolyte interfaces must be prepared reproducibly, and investigators must establish methods of observing these interfaces accurately. To obtain information about surface structure-reactivity relationships on the atomic scale, welldefined single-crystal surfaces must be exposed to solution. It has Electrochemistry, 83 (9) , 670-679 (2015) been difficult to elucidate electrochemical reactions on the atomic scale by use of polycrystalline electrodes. We have succeeded in producing extremely well defined, atomically flat surfaces of various electrodes made of noble metals, base metals, and semiconductors without either oxidation or contamination in solution. 12 In 1980, the Clavilier group found a unique and convenient way to prepare well-defined clean platinum surfaces for study in aqueous solutions without using UHV. In this approach, a mechanically polished single-crystal platinum surface was annealed in an oxygen flame and quenched in ultrapure water. 6 These authors also created single-crystal platinum electrodes by melting platinum wire in a flame. Hamelin subsequently extended this technique to gold, 36, 37 as did Clavilier, Motoo and Furuya 38 to iridium and rhodium, palladium had prepared by our group. 12, 15 Figure 2(a) shows a typical cyclic voltammogram (CV), obtained in our laboratory, of the Pt(111) surface in 0.5 M H 2 SO 4 .
91 Although Clavilier et al. quantitatively analyzed the binding sites of hydrogen by using systematically prepared stepped surfaces, a CO-replacement technique clearly indicates that the charges include a significant contribution due to the adsorption and desorption of sulfate/bisulfate. 39, 40 In 1990, we used in-situ STM to provide direct evidence of the existence of a well-defined surface in solution. 41 Figure 2(b) shows the first STM image of a flame-annealed Pt(111) surface in a sulfuric acid solution. The height of each step was approximately 0.23 nm, in accord with the monatomic step height of 0.238 nm on the Pt(111) surface. The monatomic steps observed on the surface either were generally located on nearly parallel straight lines or formed an angle of 60°, as expected for a surface with threefold symmetry. The terraces seemed to be atomically flat. A later study showed that the terrace was composed of platinum atoms, which formed a (1 © 1) structure [ Fig. 2(c) ]. 42 On the upper and lower terraces, the Pt(111) (1 © 1) structure was clearly visible at potentials near the hydrogen evolution reaction. The nearest-neighbor spacing and corrugation height were 0.28 and 0.03 nm, respectively.
Underpotential Deposition
UPD is the electrochemical adsorption of hydrogen and metals on dissimilar metal substrates that takes place in a potential region positive relative to the thermodynamically reversible potential. Clavilier et al. extensively and systematically investigated the UPD of hydrogen on single-crystal platinum electrodes. 39 The UPD of a metal, M, on a dissimilar metal substrate, Ms, is expected to occur at potentials that are more positive than the reversible potential for the bulk deposition of M when the interaction between M and Ms is greater than that between Ms and Ms. The UPD process is important in electrochemical reactions, such as metal deposition, as the initial step in a series of reactions and because of the electrocatalytic effects induced by adatoms formed by the process. Although many UPD systems have been investigated with conventional electrochemical techniques, such as cyclic voltammetry, to evaluate thermodynamics and kinetics, structural information about UPD layers was first obtained through the UHV electrochemical technique by Hubbard 43 and Soriaga. 44 Magnussen et al. obtained the first atomic image of a copper adlayer on Au(111) in a sulfuric acid solution. These authors found a (√3 © √3)R30°structure after the first UPD peak, which transformed into a second phase (5 © 5) structure. However, the appearance of the (5 © 5) structures was due to chloride contamination, 45, 46 suggesting that the UPD process is extremely sensitive to coadsorbates. Figure 3 (a) shows a detailed CV that our group obtained for UPD, 46 which clearly depicts two distinctly different processes. The peak current was proportional to the scan rate only up to 5 mV s 46 Although the wide terrace of the Au(111) surface was almost completely covered by the copper adlayer with the (√3 © √3)R30°structure, several types of phase boundaries are also visible at potential of the peak. The same (√3 © √3)R30°structure was also discovered through in situ AFM. 48 However, a coulometric curve obtained simultaneously with cyclic voltammetry showed that the ratio of the charges consumed during the first and second UPD processes was roughly 2:1, which suggests that the copper covered approximately two-thirds of the surface after the first UPD peak. 46 According to Fig. 3 (c), the surface coverage must be one-third because of the (√3 © √3)R30°s tructure. Shi and Lipkowski carefully investigated this discrepancy by using a chronocoulometric technique. 49 They measured the Gibbs excess of copper adatoms and that of the coadsorbed sulfate (SO 4
2¹
) as a function of the electrode potential and concluded that the copper adatoms formed a honeycomb (√3 © √3)R30°structure, where the center of each honeycomb cell was occupied by a sulfate ion, as had been proposed earlier by Huckaby and Blum. 50 Toney et al. examined the Cu UPD by using the small-angle X-ray scattering technique 51 and proposed that the copper atoms formed a honeycomb lattice and were adsorbed on threefold hollow sites with Electrochemistry, 83(9), 670-679 (2015) sulfate ions located at the honeycomb centers. They also concluded that three oxygen molecules of each sulfate ion were bonded to the copper atoms. These results were also supported by electrochemical quartz crystal microbalance measurements.
According to all of these results, the most reliable model structure is that shown in Fig. 3(d) . The corrugation observed through in situ EC-STM and AFM must arise from the coadsorbed sulfate ions, and not from the copper atoms. Recently, investigators directly observed the honeycomb structure of copper adatoms. They determined the honeycomb structure of both copper adatoms and sulfate anions by changing the bias condition with a gold tip. Thus, the proposed model was experimentally confirmed with in-situ EC-STM.
Specifically Adsorbed Anions

Sulfate/bisulfate adlayers
Single-crystal electrodes have been widely used to elucidate fundamental electrochemical processes, especially since Clavilier et al. 6 established the flame annealing-quenching technique. A major issue that has been explored with single crystal electrodes is the adlayer structure of anions, especially sulfate/bisulfate ions. 4 A CV of Pt(111) in a sulfuric acid solution showed two characteristic regions of adsorption above the hydrogen evolution potential. 6 Using in-situ STM, Stimming and colleagues found that adsorbed sulfate ions form the same adlayer structure as they do on Au(111). 52, 53 Ordered domains with (√3 © √7) symmetry appeared in the potential range between 0.50 and 0.70 V versus RHE (reversible hydrogen electrode) in 0.05 M H 2 SO 4 . The (111) surface shows the characteristic butterfly peaks at potentials slightly negative to 0.5 V [ Fig. 2(a) ]. These authors' STM observations confirmed that the butterfly peaks arise from the adsorption and desorption of sulfate ions, as shown by the CO-replacement technique developed by the Clavilier group, 39 discussed above. STM images of a Pt(111) surface were interpreted in terms of the coadsorption of sulfate anions and water.
The adsorption of sulfate on Au(111) surfaces was one of the most intensively investigated issues many techniques such as in-situ STM, [11] [12] [13] [14] [15] chronocoulometry, 54 radioactive labeling, 54 second harmonic generation, 55 electrochemical quartz microbalance measurements, in situ IR reflection absorption spectroscopy, 56, 57 and surface-enhanced IR reflection absorption spectroscopy. 58, 59 The spikes observed at 1.03 V versus RHE are associated with an ordered-disordered phase transition of the sulfate adlayer. 60, 61 Of the techniques shown above, only in situ STM showed reconstructed rows on terraces at lower potentials than the potential of zero charge; a phase transition of the topmost atomic layer, due to the adsorption of sulfate ions; and an ordered (√3 © √7) structure of sulfate on Au(111), obtained by changing the electrode potential. Interestingly, the same (√3 © √7) structure was also found on the (111) planes of platinum 52, 53 rhodium, 62 iridium, 63 palladium, 64 and copper, 65 as well as on the (0001) plane of ruthenium. 66 Although there are many investigations about the adsorption of anions such as halides, particularly iodine, cyanide, sulfur on Pt, Au, Ag and Ni, the detailed results can be found in references.
10-15 
of iodine monolayers for ordered molecular assembly Our group discovered the formation of highly ordered arrays of 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-porphyrin (TMPyP) molecules on iodine-modified metal surfaces such as Au(111). 67 In this study, we found for the first time that TMPyP forms highly ordered molecular arrays via self-ordering on an iodine-modified Au(111) electrode in 0.1M HClO 4 . 67 In a high-resolution image, the flat-lying TMPyP molecule is visible as a square with four bright spots. The center-to-center distance between the bright spots, measured diagonally, was 1.3 nm, which is nearly equal to the distance between two pyridinium units, measured diagonally.
We have also investigated the adsorption of TMPyP on a welldefined Au(111) surface in the absence of an iodine adlayer. 67 Although the TMPyP molecules adsorbed directly on the Au(111) surface could be observed by STM, the adsorbed molecules did not form ordered adlayers. Disordered adlayers formed on a bare Au(111) surface suggested that strong interactions, including chemical bonds between the gold substrate and the organic molecules, prevented self-ordering processes from occurring; therefore, surface diffusion of the adsorbed molecules must be involved. The surface diffusion of the molecules adsorbed on the bare Au(111) surface was very slow. A relatively weak van der Waals interaction between the hydrophobic iodine adlayer and the organic molecules may be the key factor promoting self-ordering processes on the iodine-modified (I-)Au(111) substrate.
An I-Au(111) electrode is an ideal substrate for other organic molecules, such as crystal violet and PPV [4,4Bbis(N-methlpridinium)-p-phenylenedivinylene]. Highly ordered molecular arrays with characteristic shapes appeared on top of the iodine adsorbed on the Au(111) surface. 68 This observation was extended to IAg(111), 69 I-Pt(100), 70 and sulfur-modified Au(111) surfaces. The Borguet group 73 formed a free-base porphyrin array directly attached to a bare Au(111) surface at the electrochemical interface. Potential manipulation plays a significant role in controlling the surface mobility of tetra kis(4-pyridyl)porphyrin (H 2 TPyP) molecules. These authors also described the kinetics of the electrochemical oxidation of H 2 TPyP molecules. 74 Tao et al. investigated adlayers of three water-soluble molecules, Fe(III) protoporphyrin, Zn(II) protoporphyrin, and protoporphyrin(IX), on graphite basal planes in an aqueous solution by using both STM and AFM. 75 Similar adlayer structures were formed with these three molecules, although the internal structures obtained by in situ STM were significantly different. Another group formed a highly ordered array of TMPyP on a sulfate/bisulfate adlayer on a Cu(111) surface. 76 Highly ordered arrays of various organic molecules can be found on chloride-modified Cu(100), 77, 78 I-Cu(111), bromine-modified Au(111), 79 and sulfate adlayers on Au(111). 80 Thus, two-dimensional organization of water-soluble porphyrins has been achieved at electrochemical interfaces.
Porphyrin and Phthalocyanine Assemblies on Gold
Surfaces In contrast to the nanostructures of water-soluble porphyrins, those of metalloporphyrins and metallophthalocyanines (MPcs) have been extensively investigated. In the past, the adlayer structures of porphyrins and phthalocyanines were studied mostly in UHV by use of STM on various metal surfaces. Specifically, Hipps and colleagues reported various MPcs (where the metal was copper, cobalt, 81, 82 nickel, 83 iron, 83 or vanadium oxide 84 ) and metallotetraphenylporphyrins (MTPP) on reconstructed Au(111) surfaces. The brightness of the center spot of the phthalocyanine or tetraphenylporphyrin depended on the active center metal. The difference in contrast between the metal ions in the STM images was explained in terms of the occupation of the orbital.
We subsequently investigated several adlayers of water-insoluble metalloporphyrins and MPcs and succeeded in spontaneously forming highly ordered molecular arrays of those molecules on Au(111) surfaces by immersing Au(111) in benzene solutions containing those molecules. 85, 86 Adsorption of benzene on Au(111) surfaces is weak under these conditions, which encouraged us to investigate adlayers of water-insoluble organic molecules without interference from the adsorption of the solvent (benzene). Figure 4 shows typical high-resolution STM images of each molecular adlayer of MTPP and MPc. Adlayers of Co(II), Cu(II), and Zn(II) tetraphenylporphyrin (CoTPP, CuTPP, and ZnTPP, respectively) were prepared on Au(111) surfaces and were characterized by in situ STM. The adlayer structure of CuTPP was identical to that of CoTPP. However, one difference was found in the STM images; specifically, the center cobalt ion in CoTPP was the brightest spot in the STM image, whereas the central part in both CuTPP and ZnTPP appeared as a dark spot. On the basis of experiments conducted in UHV, the difference in brightness between the center metal ions of CoTPP and CuTPP was explained by the difference in the mode of occupation of the d orbitals. The CoPc or CoTPP molecules were easily identified by the strong tunneling current arising from orbital-mediated tunneling through the halffilled orbital of the Co(II) ion (d , and Zn(II) (d 10 ) ions had a fully filled orbital. [81] [82] [83] The adlayers of CoTPP and CuTPP were observed in 0.1-M HClO 4 , and the adlayer structures were identical to those obtained in UHV. The adlayer structures of CoTPP and CuTPP on the reconstructed Au(100) surface [abbreviated as Au(100)-(hex)] were almost the same as those formed on the Au(111) surface, suggesting that intermolecular interactions are stronger than those between the molecules and the gold substrate. For MPcs, CoPc, CuPc, and ZnPc adlayers were prepared in the same manner. 87 The same phenomena were observed for the brightness of the central spots. However, the adlayer structures obtained in solution were different from those obtained in UHV, suggesting that MPc adlayers formed on Au(111) surfaces depend on the deposition condition.
We found that an alternate mixed layer consisting of CoPc and CuTPP formed on a Au(100)-(hex) surface. 87 Stripes composed of alternate bright and dark lines were observed on the surface [ Fig. 4(g) ]. Each molecular row ran nearly parallel to the atomic lattice direction of the Au(100) substrate. Hipps and colleagues 88 had previously formed a well-ordered region with a 1:1 composition of Co(II) hexadecafluorophthalocyanine (F16CoPc) and NiTPP on a Au(111) surface by vapor-phase deposition in UHV. The F16CoPc and NiTPP molecules were distinguished from one another by the difference in brightness at their centers. The remarkable contrast in tunneling current afforded by the difference in electronic configuration of transition-metal ions allowed the investigators to clearly discriminate between these species and enabled molecular-level chemical identification. Therefore, the difference in brightness at the centers of the CuTPP and CoPc molecules is clearly explained by the difference in the mode of occupation of the d orbitals. 88 Figure 4(h) shows a structural model of a CoPc and CuTPP mixed adlayer formed on a Au(100)-(hex) surface. The difference in adsorption site between these two molecules might be explained Electrochemistry, 83 (9), 670-679 (2015) either by the difference in local charge density between the valley and the peak or by the difference in molecular symmetry between CoPc and CuTPP. On the basis of the STM image, the formation of the highly ordered bimolecular array consisting of CoPc and CuTPP molecules is considered to be attributable to the match between the size and the symmetry (and hence the intermolecular distance) of those molecules, on one hand, and the periodicity of reconstructed rows of Au(100), on the other. Specifically, each CoPc molecule is located in the valley (lowest part) of a reconstructed row, whereas each CuTPP molecule is at an elevated site of corrugation with a tilted conformation of the phenyl group. Thus, each molecule can be alternately located on bright and dark parts of reconstructed rows of the Au(100)-(hex) surface. These results show that a reconstructed Au(100)-(hex) surface can serve as a molecular template for the formation of alternate CoPc and CuTPP molecular chains.
Notably, a bimolecular system consisting of Cu(II) octaethylporphine and CoPc was examined on a Au(111) surface in the same manner. In this study, the surface mobility and molecular reorganization of CuOEP and CoPc were accelerated through modulation of the electrode potential. The surface-charge density at the electrochemical interface contributed not only to the interaction between the molecule and the substrate but also to the interaction between molecules. Such precise and unique control at electrochemical interfaces is of great interest for further applications of porphyrin and phthalocyanine molecular assembly.
Dynamic Processes of Electrochemical Reactions
Scanning probe microscopy
The evaluation of dynamic processes accompanying electrochemical reactions on metals and semiconductors is very important both fundamentally and practically. In-situ STM has been used to examine the electrochemical etching processes of metals and Si electrodes under potential control. 89 It has been reported that the electrochemical etching of Si (111) is followed by the layer-by-layer mode and the etching rate depends on the orientation of steps. 12, 88 The relatively faster erosion of the di-hydride step may arise from the higher kink density within the zigzag-pattern step ledge. However, the monohydride step seems more stable than those of the di-hydride steps. The di-hydride-terminated steps continued to retract rapidly to dissolve the terrace, resulted in a layer-by-layer fashion. Similar layer-by layer dissolution processes were found for various metal electrodes such as Au, iodine-modified Pd (I-Pd), I-Ag, and sulfur modified Ni. In all cases, the etching processes depend on the orientation of steps. 12 6.2 Laser confocal microscope, combined with a differential interference contrast microscope (LCM-DIM) Although in-situ EC-STM and related techniques can reveal atomic-level processes, the observable scan areas are usually small, at submicrometer scales. This limitation makes it difficult to obtain an overall understanding of the electrochemical reactions that occur Electrochemistry, 83(9), 670-679 (2015) over the entire area of an electrode's surface. Furthermore, the typically long acquisition times (more than several minutes) make it difficult to follow the relatively fast reactions that occur on the electrode surface; to this end, the Magnussen group 19,20 recently developed a video-rate in-situ STM technique.
We have recently developed a very powerful optical microscope with atomic step resolution at solid-liquid interfaces; this instrument is the first of its kind. [29] [30] [31] [32] A laser confocal microscope, combined with a differential interference contrast microscope (LCM-DIM), can resolve single atomic steps (heights of steps are ca. 0.2-0.3 nm) on commonly used metal electrodes. Figure 5 shows a well-known principle of the differential interference microscope.
It has recently been demonstrated by us that an improved LCM-DIM has a capability to resolve the single atomic step on Au(111) (the height of the step is only 0.24 nm) and is a powerful technique for investigating the dissolution and deposition processes of Au in the presence of chloride under electrochemical control. 29, 31 In 1990, we investigated the electrochemical dissolution of Au(111) with in-situ STM, 90 and we found that the surface diffusion of gold was remarkably enhanced by strongly adsorbed chloride ions on Au(111). The surface was composed of atomically flat terrace-step structure with monatomic steps with a height of 0.25 nm, while the widths of atomically flat terraces were in the range of 50-500 nm. However, the widths of atomically flat terraces were not large enough for observation by the LCM-DIM method, because of the limitation of the lateral resolution of the LCM-DIM method. The inplane resolution is about 0.2-0.3 µm, which is identical to normal optical microscopes. Figure 6 shows an example of the LCM-DIM image of ultra-flat Au(111). The image area was 70 © 70 µm and the acquisition time was very short (2.4 seconds). It is remarkable that regularly aligned step lines are clearly discerned. To confirm that the step lines observed by LCM-DIM are mostly monatomic steps, an AFM image of the same area was acquired and compared each other. Figure 6(a) shows an LCM-DIM image acquired with an ultra-flat sample prepared for a longer annealing time. It is seen that terrace widths observed by LCM-DIM were as wide as several tens of micrometer, suggesting that annealing conditions are crucial in the preparation of ultra-flat Au (111). The terrace width along the direction a is about 2-5 µm in consistent with AFM results, whereas the width in direction b extends more than 70 µm.
An AFM image of the area defined by the square mark of 10 © 10 µm 2 in the LCM-DIM image of Fig. 7 (a) was obtained within one hour as shown in Fig. 7(b) . In this defined area, the shape of step lines is almost identical in both LCM-DIM and AFM images. Note that all step lines in the AFM image shown in Fig. 7(b) are monatomic in height. A line profile along the S-SB line in Fig. 7(b) is shown in Fig. 7(c) . These results confirm that step lines observed by LCM-DIM shown in Fig. 7 (a) are mostly monatomic steps; thus, it is concluded that LCM-DIM can resolve monatomic steps on Au (111) surface. Furthermore, it is shown that a composite AFM image constructed by nine AFM images has the same shape of step lines observed by LCM-DIM. According to the result of AFM images, these step lines must be mostly monatomic steps on Au (111). Two different atomic steps observed in LCM-DIM, the downward and upward atomic steps, appear as dark and bright lines, respectively.
To confirm that the step lines observed by LCM-DIM are mostly monatomic steps, AFM images of the same area were acquired and compared each other. An AFM image of an area in a LCM-DIM image. It is found that the shape of step lines is almost identical in both LCM-DIM and AFM images. Note that all step lines in the AFM image shown are monatomic in height, which confirm that step lines observed by LCM-DIM shown in Fig. 6 are mostly monatomic steps; thus, it is concluded that LCM-DIM can resolve monatomic steps on Au (111) surface. Furthermore, it is shown that a composite AFM image constructed by nine AFM images has the same shape of step lines observed by LCM-DIM.
It is well-recognized that the evaluation of electrochemical reactions such as dissolution and deposition processes of metals is an important subject in electrochemistry from both fundamental and practical viewpoints. [23] [24] [25] For example, anodic dissolution processes of Cu, 26 Au, 19, 27 and Pd, 28 have been investigated using in-situ STM, revealing the electrode processes at atomic level under the reaction conditions.
It is important to note that LCM-DIM can follows dynamic movement of monatomic steps in a large area with short acquisition Electrochemistry, 83(9), 670-679 (2015) times under reaction conditions. For example, an electrochemical dissolution process of Au(111) in solutions containing chloride anions could be imaged with atomic step resolution with short acquisition time (2-10 frames/s), indicating that the LCM-DIM is a new powerful in-situ method for evaluating various electrochemical reactions with atomic layer resolution and a high in-plane resolution. 29 Furthermore, it was surprisingly found that our LCM-DIM can visualize a small monatomic step (only 0.14 nm in height) on an ultra-flat Si(100) surface in aqueous solutions, 30 suggesting that LCM-DIM can be applied to the evaluation of dynamic processes with atomic layer resolution and local information (in-plane) can be imaged, although the in-plane resolution of LCM-DIM is still lower than that of STM. However, monatomic steps with a height of 0.25 nm on ultra-flat Au(111) surfaces can also be clearly discerned in electrolyte solutions by LCM-DIM (Fig. 6) . These results indicate the ability to evaluate dynamic processes at electrode surfaces. The anodic dissolution dynamics of Au(111) can be investigated with atomic step resolution.
In addition, we demonstrate a further capability of LCM-DIM for the electrodeposition of Au on an Au(111) surface. 31 It is shown that the Au deposition occurs mainly at atomic steps resulting from the layer-by-layer growth at potentials near the onset of cathodic currents over an entire area (ca. 100 © 100 µm square). Electrodeposition can be monitored via topological changes in the monatomic steps. It is easy to recognize that (i) any small islands and a few pits existed before the electrodeposition were first quickly disappeared. (ii) step-edges of islands extended toward the lower terrace, resulting in the increase in the the width of the upper terrace, and (iii) a few new islands appeared on atomically flat terraces with characteristic triangular shapes. Many small islands seen in Fig. 8 (a) such those islands marked by blue arrows quickly expanded in dimensions during the initial stage of the deposition. The number of islands and pits drastically decreased as shown in Fig. 8(b) . The areas marked T 1 and T 2 appear as very flat terraces. These terrace widths had already been expanded over 10 µm. Similar flattening can be seen in the remaining area of the image. Note that a rounded triangular island can be recognized to exist in Fig. 8(b) as marked by a cuticle. This island became larger with a more regular triangular shape as shown in the circle in Fig. 8(c) . The terraces T 1 and T 2 continuously expanded as shown in Fig. 8(c) . In addition to the growth of the triangular island, it is seen that very small islands can also be found on the atomically flat terraces. The step lines of triangular islands of the circles in Fig. 8 (b) and 8(c) are parallel to the atomic rows of Au(111) as determined by the crystal orientation. The steps, mostly monatomic in height characterized by straight shape indicated by a yellow arrow (A 1 ) in Fig. 8(c) moved relatively slowly by ca. 2-3 nm/min as an averaged rate. On the other hand, the rate of the movement of steps characterized by zig-zag shape indicated by a yellow arrow (A 2 ) was substantially increased to ca. 15-20 nm/min. The steps around the area marked by the arrow (A 2 ) seemed to have a higher density of kinks. It is clear that the density of kinks may play an important role in controlling the growth rate.
Finally, it was demonstrated, for the first time, that direct imaging of the single atomic step on an ultra-flat Si(100) can be also seen in solution as shown in Fig. 9 . It is rather surprising that LCM-DIM has enough resolution to see the single atomic steps with a height of 0.14 nm on a Si(100) surface in air and in solution. In previous investigations, AFM was almost exclusively used to monitor the surface morphology with the atomic height resolution. However, it took several hours to characterize the surface. As described above the acquisition time of LCM-DIM images is very short (ca.10-20 frames/s). Therefore, it is expected that this technique can be used in the production line of LSI. The image in Fig. 9 was acquired on Si(100) in areas wider than 100 µm 2 within a few seconds. LCM-DIM is expected to become a widely used in-situ method for the investigation of various surface reactions, such as deposition/dissolution and intercalation reactions for lithium ion batteries. More detailed studies are under way.
Summary
This review primarily summarizes the UPD of metal ions; the adsorption of specific anions; and the molecular assembly of organic molecules such as porphyrins, and phthalocyanines as well as electrochemical deposition/dissolution processes that occur at electrochemical interfaces through in-situ EC-STM with atomic or molecular resolution. The development of the EC-STM technique established the field of electrochemical surface science. In-situ STM and AFM allows us not only to determine interfacial structures but also to follow electrochemical reactions. In contrast to investigations of the solid-liquid interface, recent advances in STM have improved our understanding of characteristic molecular assemblies and allow for the construction of Nano architectures based on the bottom-up strategy, especially in various UHV environments. Researchers in Electrochemistry, 83(9), 670-679 (2015) the fields of coordination chemistry and supramolecular chemistry are inspired by the fact that this technique enables events such as dipole-dipole interactions, hydrogen bonding, and metal-organic coordination to be clearly visualized on substrates. Thus, STM is a powerful tool for molecular-level analyses and characterization not only in electrochemistry but also in coordination chemistry and supramolecular chemistry. In situ STM will certainly continue to be the primary analytical technique used to study the relationship between the reactivity and structure of electrode surfaces at the atomic and molecular levels.
Also, LCM-DIM has great potential as a new in situ method for the investigation of various dynamic processes of electrode reactions with atomic and molecular resolution. Integrative and systematic investigations of in situ methods using STM, AFM, and LCM-DIM will probably give rise to a new field of study of the relationship between the reactivity and structure of electrode surfaces from the nanometer scale to the millimeter scale.
